This paper presents an analysis of the seismic response of horizontal axis wind turbine tower considering aerodynamic damping. Loads acting on the wind turbine tower are analyzed using Blade Element-Momentum (BEM) theory. The dynamic motion equation of a tubular tower of wind turbine is derived based on the seismic acceleration spectrum and aerodynamic damping model. The dynamic response of the tower of a 2.0 MW wind turbine operating under wind and earthquake is calculated. Then the influence of earthquake on the deformation and loads of the tower considering time-varying aerodynamic damping is analyzed. The reason of excessive side-side seismic response of the tower is revealed. This study can provide a reference for aseismic design of wind turbines.
INTRODUCTION
Currently, more than 54 GW of clean renewable wind power was installed across the global market, and the cumulative capacity grew by 12.6% to reach a total of 486.8 GW in 2016. GWEC forecasts that the installed capacity of wind power will ________________________ continue to increase by 10%-12% in the next five years [1] . With the fast development of wind power technology, more and more wind turbines are to be installed in the seismic-active areas in order to get more wind energy. It is important to note that, as a coincidence, most of the regions in the world with high potential in wind resources also have a high seismic hazard, but the interaction between wind and earthquake and their effects on wind turbines are not yet well understood [2] . However, it is very important to study the seismic response of wind turbine in the design stage to ensure safe operation.
As earthquake is strongly unpredictable, there are few effective seismic prediction methods. More and more scholars use different methods to analyze the seismic response of Horizontal Axis Wind Turbines (HAWTs). To accurately estimate the loads during the lifetime of a HAWT, the effects of aerodynamic damping should be included in the calculation [3] . Usually in engineering practice, constant aerodynamic damping is assumed [4] [5] . As aerodynamic damping has an important effect on the seismic response of HAWT, it is required to gain more knowledge of the time-varying aerodynamic damping of HAWT in operation and thus to accurately estimate the seismic response. In this paper, an aerodynamic damping model is presented and the time-varying aerodynamic damping is calculated to incorporate the time-domain analysis of seismic response of HAWT. Through simulations of a 2.0 MW HAWT, the influence of aerodynamic damping on the seismic response of the tower is investigated.
TOWER LOADS AND AERODYNAMIC DAMPING
To facilitate the tower load analysis, a coordinate system according to GL2010 [6] is defined in Figure 1 . Considering a HAWT in seismic areas, the major components of the loads exerted on the tubular tower are the earthquake induced loads, the windage loads, the tower self-weight, and loads fed in at tower top from the rotor and nacelle including aerodynamic and gravitational loads. 
EARTHQUAKE INDUCED LOADS
Modern HAWTs have increased in rotor diameter and tower height which lead to decrease in natural frequency, resulting in that wind turbines become more vulnerable to seismic motions. Generally the height of a MW sized wind turbine tower is between 70m-120m. The effect of the earthquake on the wind turbine tower can be divided into horizontal and vertical directions. In this paper, horizontal seismic effect is analyzed in accordance with the wind direction. The earthquake induced loads acting on the wind turbine is in the form of seismic acceleration, which can be considered in two orthogonal directions. To simplify the calculation, seismic acceleration in one direction is used in this study. The seismic acceleration can be generated based on the design acceleration response spectrum according to the code for seismic design of buildings (GB 50011, 2010). The horizontal seismic acceleration response spectrum can be expressed as:
where ) (t  is the seismic influence coefficient, max  the maximum coefficient,  the attenuation factor, 1  the slope adjustment factor, 2  the damping adjustment factor, g T the characteristic period, and T the natural vibration period. By obtaining the maximum seismic influence coefficient and the characteristic period in the seismic area where the wind farm is located, the design acceleration response spectrum can be generated and then it can be simulated to obtain the seismic acceleration time-histories.
GRAVITIONAL AND WINDAGE LOADS
The rotor together with the nacelle is treated as a point mass to calculate the gravitational loads. The bending moment acting on the tower top can be obtained by multiplying its gravity and the eccentric distance relative to the center of the tower top. Considering the effect of wind shear, the windage load per unit length of the tubular tower at height h in the horizontal direction may be defined as [7] :
where  is the air density, ) (h U the wind speed at height, t C the aerodynamic drag coefficient of the tower, ) (h D t the outer diameter at tower height h .
AERODYNAMIC LOADS AND DAMPING
The aerodynamic loads generated by the rotor are the main load source of the wind turbine tower. Figure 2 shows the blade coordinate system defined according to GL2010. Aerodynamic loads on the blade can be calculated using the Blade Element-Momentum (BEM) theory. Figure 2 also shows a three-bladed, upwind HAWT with its rotor rotating at a speed of  and facing a steady wind in the foreaft direction of the tower. The relative wind speed at an aerofoil is denoted by W , which comprises an out-of-plane component )
, where a is axial induction factor, U the inflow wind speed, r the rotor radius along the blade, and a the tangential induction factor. According to the BEM theory, the normal force and tangential force of the rotor considering the number of blades B can be obtained as,
where R is rotor radius,  the inflow angle, 
In dynamic conditions, the dynamic inflow and dynamic stall must be taken into account to correctly reflect the influences caused by wind turbulence, wind shear, yawing, rotational speed regulation and pitch regulation [3] . These factors cause aerodynamic forces on three blades to be different, resulting in aerodynamic imbalance of the rotor. If the forces on three blades are different in the XB direction, the aerodynamic torque M YT and M ZT will be generated at the tower top. Equation (4) equals to zero in steady wind, but in dynamic conditions, aerodynamic force F YT will be generated at the tower top. So the fluctuations of M YT , M ZT and F YT at tower top can be considered as indication of aerodynamic imbalance of wind turbines.
Considering shaft tilt angle  , and rotor cone angle  , the aerodynamic loads exerted on the tower top in the fore-aft and side-side directions can be obtained as:
The tower damping includes structural damping and aerodynamic damping. The structural damping ratio is generally 0.5%, while the aerodynamic damping is induced by the rotor aerodynamics and could be much higher than the structural damping [8] . Take the fore-aft direction of the tower as an example, when the tower top moves downwind, the velocity of the blade aerofoil ) 1 ( a U  will be reduced by the velocity of the tower top, resulting in the reduction of the angle of attack and its corresponding lift and drag forces, thus preventing the downwind movement of the tower top. Likewise, when the top of the tower moves upwind, the velocity of the blade aerofoil ) 1 ( a r    will be increased by the velocity of the tower top, resulting in the increase of the angle of attack and its corresponding thrust force and thus preventing the upwind movement of the tower top. This effect of the variation of aerodynamic forces providing resistance to the movement of tower top is called aerodynamic damping.
The aerodynamic damping may be different with various rotor sizes and aerofoil characteristics. The change in the relative wind velocity will induce change in the aerodynamic force in XB direction. Its derivative relationship is used to derive the aerodynamic damping of the rotor in XB direction as follows [5] ,
The dynamic conditions will also cause the fluctuation in rotor torque and the imbalance in in-plane rotor loads, resulting in side-side bending moments on the tower. Assuming that the inflow wind direction is perpendicular to the rotor plane and that there is no wind in the YB direction, the aerodynamic damping of the rotor in YB direction is derived as follows,
Considering the shaft tilt angle and the rotor cone angle, the aerodynamic damping of the tower in both directions can be obtained.
Then the modal aerodynamic damping ratio for the n th mode can be calculated as, Solving the aerodynamic damping requires the solution of the BEM theory for each wind speed to obtain the derivative of the lift coefficient and drag coefficient over the angle of attack. The inflow wind speed, inflow angle, and the rotational speed of the rotor will also affect the aerodynamic damping.
THE DYNAMIC MOTION EQUATION OF THE TOWER
The HAWT tower can be modeled using two-node beam elements as it usually has a large aspect ratio. As this study focuses on the influence of aerodynamic damping on the seismic response of the tower, the Soil-Structure Interaction (SSI) effect and the soil damping are ignored. The wind turbine tower can be treated as a multi-degree of freedom system with a rigid foundation [9] . Considering the abovementioned seismic acceleration, tower loads and aerodynamic damping, the dynamic motion equation of the tower can be expressed as:
where M is the mass matrix, s C and a C the structural and aerodynamic damping matrix respectively, K the stiffness matrix, x  , x  , x the acceleration, velocity, and displacement vector of the tower respectively, and e P the effective seismic force,
, where q is the influence coefficient matrix which represents the tower displacement generated by the foundation displacement, g M the column of coefficients in the mass matrix which introduces coupling between the response degrees of freedom and the foundation displacement, and F the vector of tower loads.
The modal superposition principle is used to convert the equation (11) to a modal motion equation, . Equation (12) can be solved using Newmark method. Note that the time-varying modal damping ratio should be used at each time step, and the total seismic response of the tower is obtained by superimposing the dynamic responses in different modes.
RESULTS AND DISCUSSION
In this study, a variable-speed and pitch-regulated 2.0 MW HAWT is used to analyze the seismic response of tower considering the aerodynamic damping. Table I shows the design parameters of the wind turbine. The earthquake and wind are the environmental conditions which should be obtained beforehand. The target seismic acceleration spectrum is generated as shown in Figure 3 . The fitted seismic acceleration spectrum obtained by spectrum analysis agrees well with the target values, which can be used for dynamic response calculation of the tower. The seismic acceleration time histories lasting for 20 s are also simulated and shown in Figure 3 . A 12 m/s turbulent wind is used to simulate the seismic response of the tower, with a longitudinal turbulence intensity of 17.03%, and wind speed ranged from 4.8 to 17.5 m/s. The aerodynamic characteristics of an aerofoil of the blade is shown in Figure 4 , which includes lift and drag coefficients and their derivatives with respect to the angle of attack, where A and B are the lift and drag coefficient respectively, and C and D their derivatives. Figure 5 shows the time histories of the modal aerodynamic damping ratios in the fore-aft and side-side directions of the tower during power production calculated under turbulent wind. Obviously, the aerodynamic damping in fore-aft is much higher. The results of the aerodynamic damping obtained here are close to that obtained in Ref. [3] , as the wind turbine studied is the same. The modal aerodynamic damping ratio is between 3.12% and 5.99%, and the average value is 5.18% in the fore-aft direction of the tower, while it is only 0 -0.57%, and the average value is 0.26% in the side-side direction. It is clear that the time-varying aerodynamic damping especially in the fore-aft direction should be taken into account in the dynamic response calculation of the wind turbine tower. Considering the time-varying seismic acceleration and aerodynamic damping, the seismic response of the tower is simulated by solving the dynamic motion equation of the tower under turbulent wind. The total simulation time is 150 s, and the seismic acceleration is starting at 10 s. In order to clarify the effects of the earthquake and aerodynamic damping, four cases are simulated according to different conditions given in Table II . In all the simulations, the rotor is assumed to face the wind, and the seismic acceleration is considered in the fore-aft and side-side direction respectively. Figure 6 and Figure 7 show the comparison between time-varying tower-top deflections with and without the effect of earthquake, where FA is the fore-aft direction, SS the side-side direction, and TAD the time-varying aerodynamic damping. It is clear that earthquake will significantly affect the tower deflection by increasing the vibration amplitude. The results of the tower top deflection and the bottom bending moment are also compared in Table II . When considering the aerodynamic damping, the maximum deflection of the tower top and the bending moment of the tower bottom in the fore-aft direction are increased by about 11% and 9.4% respectively and they are increased by about 331% and 577% respectively in the side-side direction, the vibration in side-side direction is more violent. The earthquake has more significant influence in the side-side direction of the tower because of the much less aerodynamic damping.
In order to clarify the effects of the time-varying aerodynamic damping on the seismic response of the tower, Figure 6 and Figure 7 also show the deflection of tower top considering a constant aerodynamic damping (CAD) value, where CAD is the time-averaged value of the aerodynamic damping during the simulation. When using CAD, the maximum deflections of the tower top in both directions are decreased by 5.1% and 7.4% respectively, and the effect of earthquake will be underestimated. Therefore, in order to obtain accurate results of the seismic response of the tower, the time-varying aerodynamic damping should be taken into account. 
CONCLUSIONS
In this paper, seismic response of horizontal axis wind turbine tower is analyzed considering aerodynamic damping. Aerodynamic loads acting on the HAWT tower are calculated using BEM theory. The time-varying seismic acceleration and aerodynamic damping are incorporated into the dynamic motion equation of the tower, and the effect of aerodynamic damping on the seismic response of the tower is investigated. It is found that the earthquake has a great influence on the dynamic response of the HAWT tower, and the time-varying aerodynamic damping should be taken into account in order to obtain accurate results. The effect of earthquakes is much greater in the side-side direction as the aerodynamic damping in this direction is much less.
